We examine whether county-level tobacco retailer density and adult smoking prevalence are positively associated in the United States and determine whether associations differ in metropolitan vs. nonmetropolitan counties. We merged a list of likely tobacco retailers from the 2012 National Establishment Time-Series with smoking prevalence data from the Behavioral Risk Factor Surveillance System for 2828 US counties, as well as state tobacco policy information and county-level demographic data for the same year. We modeled adult smoking prevalence as a function of tobacco retailer density, accounting for clustering of counties within states. Average density in US counties was 1.25 retailers per 1000 people (range = 0.3-4.5). Smoking prevalence was 0.86 percentage points higher in the most retailer-dense counties, compared to the least. This association, however, was only significant for metropolitan counties. Metropolitan counties in the highest tobacco retailer density quartile had smoking prevalence levels that were 1.9 percentage points higher than metropolitan counties in the lowest density quartile. Research should examine whether policies limiting the quantity, type and location of tobacco retailers could reduce smoking prevalence.
Introduction
Tobacco use remains the leading preventable cause of death in the United States (US) (U.S. Department of Health and Human Services, 2014) . The field of tobacco control increasingly recognizes the influence of the retail environment on tobacco use (State and Community Tobacco Control Research, 2017) . There are nearly 375,000 tobacco retailers in the US (State and Community Tobacco Control Research, 2016) , and in one study smokers in a US city passed an average of 2.7 tobacco retailers during their daily travel (Kirchner et al., 2013) . Tobacco retailer density measures the concentration of tobacco retailers in a given administrative unit (e.g., census tract or county) (Lee et al., 2017; Loomis et al., 2013) , specific area around a residence or school , or activity space (Kirchner et al., 2013) . A better understanding of the extent to which tobacco retailer density is associated with smoking behavior could guide the development of initiatives and policies to promote a healthier retail environment .
Living in areas with a higher concentration/density of tobacco retailers is associated with higher rates of smoking (Clemens et al., 2018) , and reduced likelihood of smoking cessation (Kirchner et al., 2017; Chaiton et al., 2018) . However, existing evidence characterizes specific populations (e.g., non-daily smokers (Kirchner et al., 2017) , young adults (Cantrell et al., 2016) , pregnant women (Clemens et al., 2018) ), and national studies are rare. A recent study of census tracts in the 500 largest cities in the US documented a positive association between tractlevel tobacco retailer density and adult smoking prevalence, controlling for median household income and percent non-White residents (Leas et al., 2019) . In New Zealand, higher odds of smoking were associated with shorter travel distances to supermarkets and convenience stores where tobacco was sold, but this effect was not significant once measures of neighborhood deprivation were included (Pearce et al., 2009 ). In Scotland, higher retailer density was significantly associated with a 3-7% increased chance of being a current smoker, after controlling for individual demographics, and area urbanicity (Pearce et al., 2016) .
Tobacco retailer density is commonly measured by calculating the number of retailers within a geographic area (e.g., census tract, school buffer) divided by the number of residents, land area or roadway miles (PhenX Tobacco Regulatory Project, 2018) . These approaches are relatively easy to calculate and interpret but ignore retailers in neighboring geographic areas. Yet consumers likely cross administrative boundaries (e.g., census tracts or counties) in their daily travels (Kirchner et al., 2013) . Furthermore, relative travel costs may be higher for consumers in urban areas who travel fewer miles per day overall (Santos et al., 2009) . Other researchers employ more sophisticated adaptive kernel estimation measures of tobacco retailer density that account for surrounding population density, and recommend analyses stratified by urbanicity (Carlos et al., 2010; Rodriguez et al., 2013) . Following these recommendations, the current study estimates tobacco retailer density for all US counties and examines how tobacco retailer density and smoking co-vary geographically using data for all 50 US states and the District of Columbia (DC) in 2012. The analyses compare results using adaptive kernel density measures with a more common ratio measure of retailer density and test whether associations differ for metropolitan and non-metropolitan counties.
Materials & methods
The study outcome is county-level, age-standardized prevalence of cigarette smoking among US adults in 2012, which was derived from the Behavioral Risk Factor Surveillance System (BRFSS) and published by Dwyer-Lindgren and colleagues (Dwyer-Lindgren et al., 2014) . BRFSS is a system of telephone surveys that collects state data about health behaviors, including smoking. Respondents report whether they have smoked at least 100 cigarettes in their lifetime and if so, whether they currently smoke cigarettes on some or all days. By applying small area estimation models to the individual-level BRFSS data from the 3141 counties or county equivalents in the US, weighting by county demographic information, and merging estimates for small counties, Dwyer-Lindgren's team estimated annual county-level smoking prevalence measures for 3127 counties between 1996 and 2012. We used the 2012 prevalence measures as they were the most recent year for which the estimates were calculated.
Tobacco retailer density
The US has no national license system for tobacco retailers, and only 36 states and the District of Columbia (DC) require tobacco retailer licensing (State Tobacco Control Laws & Policies Database, 2019) . We therefore identified likely tobacco retailers based on type of store using the National Establishment Time-Series (NETS), a longitudinal database developed by Walls & Associates that contains archival establishment (store) data from Dun and Bradstreet (D&B) (Kauffman, 2017) . In addition to geolocation information about each store, NETS includes store type codes developed by the Census Bureau North American Industry Classification System (NAICS). Consistent with prior studies (Leas et al., 2019; Ribisl et al., 2017; Rodriguez et al., 2013) , we created a list of all 344,935 stores in 2012 with one of the top ten NAICS codes based on tobacco sale revenue, and then removed retail chains that do not sell tobacco (e.g., Target), and stores without a street address. Since relatively few non-chain pharmacies sell tobacco, we only retained those pharmacies included in Drug Store News' list of top 50 pharmacy chains by sales (Retailer Pharmacy, 2018) ( Table 1) .
We calculated two measures of tobacco retailer density. Using geocodes in the NETS data, we totaled the number of tobacco retailers in each county, then divided this figure by the total county population and multiplied by 1000 (i.e., retailers per 1000 persons) (Carlos et al., 2010) . A second measure of density was created using adaptive kernel density estimation (Shi, 2010) , an analytic process previously employed in tobacco retailer density research (Kirchner et al., 2017; Rodriguez et al., 2013) . The analysis fits a curved surface over each tobacco retailer, with its highest point at the retailer, sloping away in all directions to eventually have zero height at a specified distance or "bandwidth." Adaptive bandwidths are drawn to correspond to a specific population size, rather than a fixed distance, resulting in smaller bandwidth distances in urban areas, which may better reflect the true market for stores.
Following previous analyses (Rodriguez et al., 2013) , we drew bandwidths to include 1000 people, with a limit of 25 geographic kilometers in population-sparse areas. Population data for bandwidths were from the 2012 LandScan USA (Bhaduri et al., 2007) , which uses spatial analyses and satellite imagery to produce small-scale population estimates. By averaging densities within each county, we produced estimates of retailer density. As with the first density measure, the adaptive kernel estimation unit is tobacco retailers per 1000 people, although denominators may vary in counties where the 25 km distance limit was employed. The adaptive kernel density estimation was conducted in ArcHealth software obtained from Dr. Xun Shi, of Spatial Inference Enterprises, LLC (Shi, 2010) . The software computes retailer density with a population or distance bandwidth and was installed in ArcMap 10.4 (Environmental Systems Research Institute, Redlands, CA, 2015) . After computing the adaptive kernel density for the entire state, we computed the mean county-level kernel density.
Metropolitan area indicator
Metropolitan status was designated using the US Department of Agriculture 2013 Rural-Urban Continuum Codes (RUCC) (US Department of Agriculture, 2016), which classifies counties into nine categories based on population size. Consistent with RUCC definitions, we created a dichotomous variable by designating counties in RUCC 1-3 as metropolitan, and RUCC (4-9) as non-metropolitan.
Policy and demographic variables
Two tobacco control policies were included as state-level covariates. Cigarette excise tax rates for 2012, measured in US dollars per pack of 20 cigarettes, were downloaded from the State Tobacco Activities Tracking and Evaluation (STATE) system, a database maintained by the Centers for Disease Control and Prevention. Strength of smoke-free air law in each state and DC was measured using the American Lung Association's smoke-free grades (American Lung Association, 2017), based on all policies in existence at the end of 2012. For ease of interpretation, we compared strong (grade of A/B) vs. weak (grade of C or below) state laws, as in previous research (Morley and Pratte, 2013) .
We included several county-level demographic measures likely to be associated with tobacco retailer density as control variables. In the US, Note: Stores are identified based on North American Industry Classification System (NAICS) of likely tobacco retailers in the National Establishment Time Series (NETS).
S.D. Golden, et al. Preventive Medicine Reports 17 (2020) 101005 higher tobacco retailer densities have been documented in places with greater proportion of residents who are African Americans (Lee et al., 2017; Loomis et al., 2013) , Latinos (Loomis et al., 2013; Rodriguez et al., 2013) , and low-socioeconomic status (Lee et al., 2017) . From the Area Health Resource Files, we obtained county-level estimates of the percentage of residents who were non-Hispanic Black, Hispanic, and male in all 50 US states and DC in 2012. Using 5-year estimates from the American Community Survey (ACS) (2009-2013), we computed county-level estimates for the percent of population living below the federal poverty level. We include these variables in our models, but do not list or interpret model coefficients for them because county demographic proportions were used to derive the small area estimates of smoking prevalence by Dwyer-Lindgren et al.
Data analysis
The 3127 counties for which BRFSS small area estimates of smoking prevalence have been calculated range in population size from 71 to 9,962,789. In counties with very small populations, estimates of tobacco retailer density are less stable, so we restricted the analyses to 2828 counties with population of 5000 residents or more. The analysis sample represents 90.0% of all US counties and 99.7% of the US population. In sensitivity tests, we compared models with this restricted sample to one using all available county data; the restricted sample had better model fit (results not shown).
We calculated mean tobacco retailer density estimates using both density measures, mean county smoking prevalence, and state tobacco control policy measures for all counties in the restricted sample, and for non-metropolitan and metropolitan county samples separately. To best assess the possibly non-linear relationship between higher vs. lower density areas and smoking, we categorized density into quartiles for analysis. When quartile models showed evidence of a dose-response relationships based on the Jonckheere trend test (Hollander and Wolfe, 1999) , we analyzed subsequent models using a continuous density measure to estimate the association of an additional tobacco retailer per 1000 people with county smoking prevalence. We estimated mixedeffects linear models of county smoking prevalence as a function of tobacco retailer density, accounting for nesting of counties within states (intraclass correlation coefficient = 0.50). We estimated separate models for both measures of density, as well as stratified versions of the mixed-effects models to examine associations in metropolitan and nonmetropolitan counties separately. All analyses were conducted in SAS 9.4 (SAS Institute, Inc., Cary, North Carolina).
Results
The average tobacco retailer density across the 2828 counties was 1.25 tobacco retailers per 1000 people (Table 2) . Compared to nonmetropolitan counties, metropolitan counties had lower smoking prevalence, tobacco retailer densities, and percentages of people living below the federal poverty line but had higher percentages of Black and Hispanic residents. State cigarette tax rates were also higher, on average, in metropolitan counties, which indicates the metropolitan counties were more likely than non-metropolitan counties to be located in states with higher tax rates. Difference in smoke-free air grade by type of county was not statistically significant.
In 2012, the age-standardized smoking prevalence averaged across all counties was 23.8%, with higher prevalence in non-metropolitan counties than in metropolitan counties (Table 2 ). This prevalence is higher than the 2012 national smoking prevalence of 18.1% (Agaku et al., 2014) because our estimate represents the average of all 2828 counties (many of which were non-metropolitan) unadjusted for population size.
Mixed-effects models
Tobacco retailer density was significantly associated with county smoking in both the unadjusted models (Table 3 , Models 1 and 2) and models that included demographic and policy covariates (Models 3 and 4), although the magnitude of the effect was smaller in the adjusted models. Results were similar across both measures of tobacco retailer density, but the ratio measure analysis had better model fit statistics. Therefore, we focus on the more easily interpretable model that measures density as the number of retailers divided by the county population, adjusting for covariates (Model 3).
Compared to counties with the lowest tobacco retailer density, counties in the 2nd, 3rd and 4th quartiles had smoking prevalence that was 0.72, 0.94 and 0.86 percentage points higher, respectively. After controlling for density, demographic characteristics and state tobacco control policies, average smoking prevalence in metropolitan counties was 0.74 percentage points lower than in non-metropolitan counties (p < 0.001). A $1.00 higher state cigarette excise tax was associated with a lower county smoking prevalence (coefficient = -0.91, p < 0.001) as was having strong instead of weak state smoke-free air laws (coefficient = -1.36; p = 0.025).
Stratified models
In the stratified models, the magnitude of the associations between tobacco retailer density and smoking prevalence were larger in Table 2 Descriptive statistics for age-standardized county-level adult smoking prevalence and state-level predictors (2012; N = 2828 counties in 50 US states and DC). S.D. Golden, et al. Preventive Medicine Reports 17 (2020) 101005 metropolitan counties (Table 4 ). Compared to the lowest density counties, counties in the 2nd, 3rd and 4th density quartiles had smoking prevalence that was 1.04, 1.44 and 1.91 percentage points higher, respectively, when controlling for demographic and policy variables (Table 4 , Model 3). The Jonckheere trend test confirmed a dose-response relationship with Z = 12.906 (p < 0.0001). In subsequent analyses with a continuous measure of density, an additional tobacco retailer per 1000 population was associated with a 1.79 percentage point increase in county smoking prevalence in metropolitan counties (results not shown). In non-metropolitan counties, however, we observed no association between tobacco retailer density and county-level smoking prevalence. State tobacco control policies were similarly associated with smoking prevalence in all stratified models.
Discussion
This study documents a positive association between two countylevel measures of tobacco retailer density and adult smoking prevalence in 2012. Counties with one or more tobacco retailers per 1000 people had significantly higher smoking prevalence than those with fewer, and smoking prevalence in the most retailer-dense counties was 0.86 percentage points higher than those in the least retailer dense counties. These findings build on previous research that document associations between tobacco retailer density and smoking behaviors in smaller US geographies and population subsets Kirchner et al., 2017; Cantrell et al., 2016; Pearce et al., 2016) . Furthermore, the results illustrate associations between tobacco retailer density and smoking in advance of many of the innovative tobacco retailer density reduction efforts, serving as a pre-policy "baseline" assessment that could inform the dissemination of such policy initiatives.
In places with high tobacco retailer density, smokers invest relatively few resources in traveling to purchase cigarettes. In a US-based simulation model of a policy to reduce the number of tobacco retailers that incorporated travel costs, a 50% retailer reduction was associated with a 2-7% increase in costs, depending on neighborhood type . In a different simulation model, a 95% retailer reduction in New Zealand was associated with a 20% cost increase in rural areas, and a 10% cost increase elsewhere (Pearson et al., 2015) . Higher tobacco retailer density may also increase consumer exposure to tobacco marketing at stores (Loomis et al., 2012) ; the average retailer has nearly S.D. Golden, et al. Preventive Medicine Reports 17 (2020) 101005 30 tobacco marketing materials . Adults' exposure to retail tobacco marketing, including price promotions, is associated with smoking (El-Toukhy et al., 2018) and reduced success in trying to quit in high income areas (Chaiton et al., 2018) . The association between tobacco retailer density (retailers per 1000 people) and county-level smoking prevalence was not significant in non-metropolitan counties, however it was particularly strong, and exhibited a dose-response relationship, in metropolitan counties. This geographic difference only held for tobacco retailer density; the associations of smoking prevalence with county demographics, state cigarette taxes and smoke-free air laws were similar in both metropolitan and non-metropolitan areas. More than 267 million people, or 85.5% of our study population, lived in metropolitan counties, so higher tobacco retailer density may pose a risk for most people in the US.
Although our results did not document a statistically significant association between tobacco retailer density and smoking prevalence in non-metropolitan counties, the retail environment remains a concern in these areas, where smoking prevalence is higher, and reductions in smoking have been smaller than in more urban places (Doogan et al., 2017) . We documented significantly more tobacco retailers per 1000 residents in nonmetropolitan counties than in metropolitan ones. This is the opposite of the finding of another national study of retailer density that included only four store types, and analyzed census tracts (Rodriguez et al., 2013) , rather than counties, suggesting the type of store and unit of analysis may be an important consideration. Different types of tobacco retailers may provide different levels of tobacco use risk. A store audit study conducted in 2230 stores across the US in 2012 documented more tobacco marketing at gas and convenience stores than most other retailer types ) and a second national study documented cheaper cigarette prices at pharmacies compared to other tobacco retailers . Store type composition differs in rural and urban areas (Vias, 2004) . A national food retail study found all food store types are less available in rural communities, with particularly limited access to chain supermarkets (Powell et al., 2007) . Future research could examine whether the composition of tobacco retailer store types, especially those stores more likely to heavily market tobacco products, varies by urbanicity.
Alternatively, travel distances, and the perceived costs associated with them, may differ in metropolitan vs. non-metropolitan areas. People in rural (or non-metropolitan) counties drive more miles, but spend less total time driving, than do people in more urban counties, so traveling further to reach another tobacco retailer may pose a lesser burden in rural counties (Summary of Travel Trends, 2017) . Geolocation data has been used to track smokers' behaviors in metropolitan areas (Kirchner et al., 2013) ; additional studies that include non-metropolitan tobacco users may uncover key travel patterns differences.
Finally, the risks conferred by tobacco retailer density may vary in rural and urban areas. Using 2007 data for census tracts, Rodriguez and colleagues found that associations between area racial and ethnic composition and tobacco retailer density were stronger in urban compared to rural areas (Rodriguez et al., 2013) . Tobacco industry documents reveal marketing efforts to target racial and ethnic minorities, and research has documented more tobacco marketing and lower tobacco prices in neighborhoods with more African American residents or schoolchildren . Although we controlled for racial composition, it is possible that stronger associations of density and smoking in urban areas reflect greater exposure to tobacco marketing.
Results using the adaptive kernel estimator of tobacco retailer density were similar to those found using the more straightforward estimate of retailer density as a basic ratio of retailers to population size, though the magnitudes of the effects were slightly smaller. For health departments or tobacco control practitioners with limited capacity to conduct kernel density estimates, this suggests using simpler, ratio measures of tobacco retailer density may be an effective way to track change in density over time and its association with tobacco use at the county level. Ratio measures are recommended in the PhenX Toolkit for Tobacco Regulatory Science (PhenX Tobacco Regulatory Project, 2018) . Our analyses were conducted at the county level because estimates of smoking prevalence for sub-county geographies are not widely available. Tobacco retailer density varies within counties and cities, so kernel density estimation could be important for analyses of sub-county areas or when comparing predictors or outcomes of density across different places.
Some US jurisdictions have strengthened local tobacco licensing ordinances to reduce the density of tobacco retailers (Ackerman et al., 2017) . Licensing laws give governments the regulatory power to restrict licenses for violations and limit eligibility to sell tobacco products. In 2014, the City and County of San Francisco, California adopted a policy that limits the number of tobacco sale permits in each of the city's supervisorial districts, prohibits licensing new stores within 500 feet of a school or another tobacco retailer, and prohibits new licenses until disparities in number of retailers per district are eliminated (Ackerman et al., 2017) . In 2016, Philadelphia, Pennsylvania adopted a similar regulation that increased tobacco licensing fees, limited available permits by district, and restricted retailers from operating near schools (City of Philadephia -Department of Public Health. Regulation Relating to Tobacco Retailing, 2016). Tobacco retailer density might also be reduced by limiting the types of stores that can sell tobacco. Like Australia, the United Kingdom and most provinces in Canada, the state of Massachusetts banned tobacco sales in pharmacies in 2018, and a similar policy would reduce tobacco retailer density by as much as 29% in North Carolina (Myers et al., 2015) .
Overall, our findings could inform tobacco retailer density reduction efforts, especially in metropolitan counties, where the majority of the US population lives. If the presence of tobacco retailers drives cigarette smoking, our analyses provide support for investigating density reduction policies as promising tobacco control strategies. The magnitude of the association between tobacco retailer density and smoking prevalence (0.86 percentage points in highest versus lowest quartile) was similar to the magnitude of the association between smoking prevalence and an evidence-based tobacco control strategy, cigarette excise taxes (0.91 percentage points for each $1.00 increment).
The main limitation of this study is the cross-sectional analysis, which cannot determine whether the presence of retailers facilitates smoking or if retailers choose to locate stores in areas with more smokers. Longitudinal data that track tobacco retailer density and smoking over time are needed to better establish temporality and directionality of the relationships between tobacco retailer density and cigarette smoking, and strengthen the evidence base for density reduction policies. Several other study limitations are important caveats to our findings. In the absence of national tobacco retailer licensing, we estimate the density of likely (but unverified) tobacco retailers, although such measures have high concordance with state licensing data in other studies (Rodriguez et al., 2013) . Some cities, like San Francisco and several Massachusetts jurisdictions, had implemented bans on tobacco sales in pharmacies by 2012, but our county-level analysis prevented us from incorporating these laws in our data. Without finegrained spatial data from BRFSS respondents, we can only assess retailer concentration in a relatively large area (county), which could differ from retailer accessibility in the spaces most salient to potential smokers. Furthermore, small area estimates of county smoking prevalence may not fully account for all contextual factors (Zhang et al., 2015) , and may also be imprecise in more rural areas with a smaller number of BRFSS respondents (Laura Dwyer-Lindgren et al., 2013) . Finally, our study only assessed cigarette smoking prevalence; the role of tobacco retailer density in initiation, use and cessation of any tobacco product warrants future study.
Conclusions
A dose-response relationship between tobacco retailer density and S.D. Golden, et al. Preventive Medicine Reports 17 (2020) 101005 adult smoking prevalence existed in US metropolitan counties, controlling for population demographics, cigarette excise tax and strength of smoke-free air laws. Jurisdictions interested in new mechanisms for reducing smoking prevalence and disparities in cigarette smoking among priority populations might benefit from considering strategies to reduce tobacco retailer density. Rigorous evaluations of existing policies are needed to provide stronger evidence for licensing and retailer reduction policies. In those places where tobacco retailer licenses are not currently required, establishing a tobacco retailer licensing system is a critical first step to monitor and control the tobacco industry's influence in the retail environment.
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